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Abstract
For the main tree species in North America, Europe, and
Japan, a number of thousands of allometric equations for
single-tree biomass estimation using mostly tree height and
stem diameter at breast height are designed. An innovative
airborne laser method of the forest canopy sensing allows to
process online a number of morphological indices of trees,
to combine them with the biomass allometric models, and
to evaluate the forest carbon pools. The database of 28wood
and shrub species containing 2.4 thousand of deﬁnitions
is compiled for the ﬁrst time in the forests of Eurasia, and
on its basis the allometric transcontinental models of frac-
tional structure of biomass of two types and dual use are
developed. The ﬁrst of them include as regressors the tree
height and crown diameter and are intended for airborne
laser location, whereas the latter have a traditional appoint-
ment for terrestrial forest biomass taxation using tree height
and stem diameter. It is found that the explanatory capac-
ity of the ﬁrst model in comparison with the second one
for foliage, branches, and roots is lower, but this diﬀerence
is not statistically signiﬁcant. The same capacity for the
stem and aboveground biomass is lower too but this diﬀer-
ence is statistically signiﬁcant. Both models are designed
for two diﬀerent methods of taxation and cannot replace
one another.
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Summary for Managers
• We develop an innovative airborne laser method of the
forest canopy sensing to evaluate the forest carbon pools.
• We show this approach is highly reliable: in the
most cases, there is more than 90% of tree biomass
variability.
• Processing speed of laser location, incommensurable
with the terrestrial mensuration, gives the possibility to
assess the change of carbon pool of forests on some ter-
ritory during its periodic overﬂights.
• The proposed information can be useful when imple-
menting activities on climate stabilization, as well as in
the validation of the simulation results when evaluating
the carbon depositing capacity of forests.
KEYWORD S
airborne laser scanning, allometric models, biomass, Eurasia forest, forest
carbon pools
1 INTRODUCTION
At the climate summit in Paris in 2015 December, 196 countries pledged to reduce carbon emissions
and prevent rising average temperatures more than 2◦C by the end of the century. The important role in
this relation is belonging to forest ecosystems, as sinks for atmospheric carbon. In this regard, the tech-
nologies evaluating the carbon-depositing function of forest cover are actively improved, and a num-
ber of its empirical and simulation models are developed having in mind joint using the ground forest
inventory data and the methods of remote sensing (Lezhnin, Nezamaev, Novokshonova, & KOmarova,
2010; Zheng, Heath, & Ducey, 2007).
Laser sensing (location) the forest canopy is today an component part of the latest techniques and
technologies in digital photogrammetry and GIS and in many respects it is superior to not only other
remote sensing methods of measurement and study of forest canopy (Danilin, 2003; Lim & Treitz,
2004; Maltamo, Eerikäinen, Pitkänen, Hyyppä, & Vehmas, 2004; Stone, Penman, & Turner, 2012),
but also the methods of terrestrial taxation (Næsset, 2002; Næsset et al., 2004). In recent years, a
fundamental new laser-shooting method of forest canopy measurement, that enables us to handle the
massive amounts of data (hundreds of gigabytes) of laser sensing in real time, almost simultaneously
with the execution of the measurements, not just of the nameless forest cover but also of individual
trees (Danilin, 2003; Danilin, Medvedev, & Melnikov, 2005).
Because trees of diﬀerent species have speciﬁc conﬁguration of vertical proﬁle, this speciﬁcity is
recognized today by using airborne laser (lidar) technology. When multiple registration with lidar of
reﬂected pulses the method is able to distinguish pine, spruce, and small-leaved species with an accu-

























































with typical points of local crown density and spruce diﬀers from other species with its crown shape
(Holmgren, Persson, 2004; Næsset et al., 2004).
Even in the 1960–1970 years, the methods of aerial techniques allow to deﬁne the parameters such
as tree height, crown diameter, and projection area with greater precision than with ground works
(Sinitsyn & Sukhikh, 1979; Weaver, 1977). In open forest communities of desert zone of Central Asia,
submitted by Haloxylon Bunge communities, the crown diameter has a diagnostic function, inherent
to stem diameter at breast height in the forest zone, that gave us an opportunity to develop regression
models to estimate their biomass upon total height and crown diameter used as in terrestrial taxation
and in air photography (Usoltsev, 1988; Veyisov & Kaplin, 1976). Until recently, such an approach to
the evaluation of tree biomass in the forest zone was not used due to the high horizontal and vertical
canopy density. Modern laser-shooting method allows us to record not only visible, but “hidden” under
the upper canopy trees. These advantages of remote sensing method are repeatedly ampliﬁed due to
the data processing rate, provided by the above-mentioned laser-shooting method.
For a global quantitative description of biosphere functions of forest cover, the relevant databases are
required, which involve the biological production characteristics of the world's forests. Such database
are actively formed today, in connection with that the scientiﬁc community established the entry
into the Big Data Era (https://www.gfbinitiative.org/symposium2017). When using the compiled “big
data,” the global patterns on biological productivity of forest ecosystems and their constituent trees are
designed (Crowther et al., 2015; Jucker et al., 2017; Liang et al., 2016; Poorter et al., 2015).
The purpose of this study is to develop allometric models to estimate component structure of tree
biomass of the main tree and some bush species of Eurasia having the aim of laser-shooting evaluation
of forest biomass and atmospheric carbon deposition.
2 METHODS AND DATA
To implement this goal, we formed the database on tree biomass and taxation indices by literary
sources, using the materials of sample plots established on the territory from Britain to China and
Japan (Table 1). About 87% of data are taken from Russian-language literature of the former Soviet
Union.
The main taxation indices measuring the tree biomass and included in the compiled database are
the age, stem diameter and tree height, crown length and crown diameter, as well as stand density of
the plot where the tree biomass was measured. In addition, the stem volume and the coordinates of the
plots are shown, which is necessary for geographical analysis of tree biomass data.
The authors of publications whose data brought in the compiled database are cited too. The
database structure is shown as its fragment (Table 2). Its two variants are available online at:
https://elar.usfeu.ru/handle/123456789/4931 and https://elar.usfeu.ru/handle/123456789/6103.
Methods of estimating tree biomass on the sample plots used by diﬀerent researchers are diﬀered
insigniﬁcantly, which cannot be said about root biomass that were deﬁned by archaeological (Le Goﬀ
& Ottorini, 2017), explosive (Whittaker & Woodwell, 1968), multiple-stage (Snowdon et al., 2002),
electrometric (Yakushev, 1972), аnd sometimes indirect (Snowdon, 1992) methods. Methods for deter-
mination of tree biomass at the sites shown in the Table 2, were presented in previous publications
(Usoltsev, 1990; Usoltsev & Krepkii, 1994).
Today we have about 2600, 800, and 1000 allometric equations for estimating tree biomass, using
mostly tree height and diameter at breast height for the main tree species in North America, Europe, and
Japan, respectively (Hosoda & Iehara, 2010; Jenkins, Chojnacky, Heath, & Birdsey, 2004; Muukkonen
& Mäkipää, 2006). All of them are intended for terrestrial forest taxation only.
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TABLE 1 Distribution of the single tree number having measurements of tree biomass (kg) by species and countries
Genus (subgenus,
species) Latin name Country
Single tree
numbera
Pine Subgenus Pinus L. Russia, Kazakhstan, United Kingdom, Czech
Republic, Bulgaria, China, Japan,
Switzerland, Belarus, Slovakia, Latvia, Iraq
2684/1006
Spruce Picea A. Dietr. Russia, Germany, Czech Republic, Bulgaria,
Switzerland, Latvia, Belgium, Sweden, Italy
977/478
Fir Abies Mill. Russia, Czech Republic, Japan 173/96











Pseudotsuga Pseudotsuga Carr. Belgium, Bulgaria 13/6
Birch Betula L. Russia, Kazakhstan, Mongolia, Japan, China,
United Kingdom, France, Belgium, Finland,
Azerbaijan
1277/170
Aspen and poplar Populus L. Russia, Kazakhstan, Mongolia 513/39
Linden Tilia L. Russia, Czech Republic, Bulgaria 402/138
Alder Alnus Mill. Russia 24/16
Oak Quercus L. Russia, Bulgaria, Japan, Czech Republic,
Switzerland, Hungary
130/18
Beech Fagus L. France, Germany, Czech Republic, Italy,
Sweden, Denmark
56/33
Ash Fraxinus L. Russia, Czech Republic, China 31/13






Willow Salix L. Russia, Sweden 23/10
Maple Acer L. Russia, Bulgaria 27/14
Elm Ulmus L. Russia 9/7
Chosenia Chosenia Nakai Russia 17/8
Hawthorn Crataegus L. Russia 8/6














aThe ﬁrst number is the total tree quantity, the second is the number of trees with the measured crown diameter.
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The database compiled gives an opportunity to develop for each species the transcontinental allo-
metric models of component biomass structure, including crown diameter and tree height as regressors:
ln𝑃i = 𝑎0 + 𝑎1 ln𝐻 + 𝑎2 ln𝐷cr (1)
and compare their explanatory ability with traditional allometric model
ln𝑃i = 𝑎0 + 𝑎1 ln𝐻 + 𝑎2 lnDBH, (2)
where Pi is dry biomass of stem above bark, branches, foliage, aboveground part, and roots (Pst, Pbr,
Pf, Pa, and Pr, respectively; kg); H is tree height (m); Dcr is the crown diameter (m); DBH is diameter
at breast height (cm).
Unfortunately, when processing model trees on the plot, researchers usually measured their age,
height, and DBH, because their combination explained 90–99% of the variability of one or another
biomass component. Sometimes the crown length also measured, but rarely is its diameter. It was
believed that the latter morphometric index makes no signiﬁcant contribution to the explanation of the
variability of tree biomass, which was provided by the above-mentioned indices. In addition, due to
the irregular shape of the crown horizontal projection, the accuracy of its diameter measurement was
questionable, anyway, much lower than the accuracy of DBH measurement.
That is why during calculation models: (1) we were forced to use only a portion of the compiled
database, namely only those trees that had measured the crown diameter. Their share in the total amount
of data amounted to 33% (Table 1). To ensure the comparability of the explanatory capacity of mod-
els (1) and (2), the calculation of (2) is made on the same tree quantity as the model (1). Calculation
of compared allometric biomass models is made by means of the least squares method with depen-
dence linearity by means of log transformation and with the introduction of correction factor related
to retransformation by Baskerville (1972).
3 RESULTS AND DISCUSSION
The results of sequential calculation of equations (1) and (2) are summarized in Table 3. When calculat-
ing equation (1), the index of stand density was statistically not signiﬁcant in the most cases because it
correlates with both the crown diameter, and with a stem diameter. Because coniferous and small-leaved
species have some diﬀerences in their crown proﬁles, our analysis of adjR2 and SE, characterizing the
equations (1) and (2) for biomass components Pi, and estimating their diﬀerences in relation to the
mentioned equations is fulﬁlled separately (Table 4).
The results of comparative analysis showed that the explanatory capacity of equation (1) in com-
parison with equation (2) for foliage, branches, and roots are somewhat lower, but this diﬀerence is
not statistically signiﬁcant. Error SE of equations for the same components are shown earlier, but this
diﬀerence is not statistically signiﬁcant too. Explanatory ability of equation (1) in comparison to equa-
tion (2) for stem biomass and aboveground one is also lower on average 4.6%, but this diﬀerence is
statistically signiﬁcant: takt is 3.4 and 3.6, respectively, which is higher than the standard values. But
models (1) and (2) are designed for two diﬀerent methods of taxation and cannot replace one another.
According to the study by Semechkina (1978), the variability of the biomass of pine needles and
branches (110% and 115% correspondingly) are signiﬁcantly higher when compared with the variabil-
ity of stem biomass (86%). At the same tree height the ability to explain the variability of the masses
of foliage and branches by means of stem diameter value is higher than by the value of the width of the
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TABLE 4 Averaged values of adjR2 and SE, characterizing the equations (1) and (2) for biomass components Pi,











Pst R2 (1) 0.957 0.0091 2.83 2.14 8 Yes
(2) 0.984 0.0023
SE (1) 0.321 0.0450 1.45 2.14 8 No
(2) 0.231 0.0425
Pbr R2 (1) 0.867 0.0320 0.84 2.14 8 No
(2) 0.898 0.0184
SE (1) 0.504 0.0563 0.08 2.14 8 No
(2) 0.511 0.0743
Pf R2 (1) 0.765 0.0637 1.28 2.14 8 No
(2) 0.857 0.0342
SE (1) 0.516 0.0699 0.42 2.14 8 No
(2) 0.471 0.0811
Pa R2 (1) 0.942 0.0143 2.46 2.14 8 Yes
(2) 0.978 0.0037
SE (1) 0.341 0.0514 1.30 2.14 8 No
(2) 0.249 0.0494
Pr R2 (1) 0.829 0.0583 0.99 2.23 6 No
(2) 0.900 0.0424
SE (1) 0.530 0.0906 0.37 2.23 6 No
(2) 0.477 0.1122
In average R2 (1) 0.872 0.0355 1.26 2.00 38 No
(2) 0.923 0.0202
SE (1) 0.443 0.0626 0.57 2.00 38 No
(2) 0.388 0.0719
Small-leaved species
Pst R2 (1) 0.937 0.0146 3.62 2.06 13 Yes
(2) 0.990 0.0019
SE (1) 0.317 0.0189 8.23 2.06 13 Yes
(2) 0.132 0.0121
Pbr R2 (1) 0.888 0.0237 1.22 2.06 13 No
(2) 0.921 0.0125
SE (1) 0.544 0.0541 1.29 2.06 13 No
(2) 0.454 0.0444
Pf R2 (1) 0.839 0.0324 0.75 2.06 13 No
(2) 0.870 0.0248
SE (1) 0.488 0.0449 1.22 2.06 13 No
(2) 0.415 0.0397
(Continued)
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TABLE 4 Averaged values of adjR2 and SE, characterizing the equations (1) and (2) for biomass components Pi,







number М ±m tact tstand n
Are diﬀerences
signiﬁcant?
Pa R2 (1) 0.927 0.0150 3.42 2.06 13 Yes
(2) 0.983 0.0063
SE (1) 0.353 0.0319 3.60 2.06 13 Yes
(2) 0.174 0.0383
Pr R2 (1) 0.856 0.0757 1.41 2.45 4 No
(2) 0.965 0.0158
SE (1) 0.408 0.1035 1.90 2.45 4 No
(2) 0.203 0.0304
In average R2 (1) 0.890 0.0323 1.63 1.98 56 No
(2) 0.946 0.0123
SE (1) 0.422 0.0506 2.42 1.98 56 Yes
(2) 0.276 0.0330
Coniferous and small-leaved species
Pst R2 (1) 0.945 0.0097 4.36 2.02 21 Yes
(2) 0.988 0.0016
SE (1) 0.319 0.0201 5.21 2.02 21 Yes
(2) 0.170 0.0203
Pbr R2 (1) 0.880 0.0187 1.50 2.02 21 No
(2) 0.912 0.0105
SE (1) 0.529 0.0391 0.96 2.02 21 No
(2) 0.476 0.0388
Pf R2 (1) 0.811 0.0316 1.45 2.02 21 No
(2) 0.865 0.0197
SE (1) 0.499 0.0376 1.16 2.02 21 No
(2) 0.437 0.0387
Pa R2 (1) 0.933 0.0106 4.23 2.02 21 Yes
(2) 0.981 0.0041
SE (1) 0.349 0.0270 3.58 2.02 21 Yes
(2) 0.202 0.0306
Pr R2 (1) 0.840 0.0438 1.68 2.10 10 No
(2) 0.926 0.0273
SE (1) 0.481 0.0675 1.09 2.10 10 No
(2) 0.367 0.0795
In average R2 (1) 0.882 0.0229 2.02 1.96 94 Yes
(2) 0.934 0.0126
SE (1) 0.435 0.0383 1.85 1.96 94 No
(2) 0.330 0.0416
Notes.М, the average value of index; m, error of the mean value; tact и tstand, Student's criteria, the actual and table values, respectively;
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,
;
crown, because the measurement precision of the last is incomparably less than the measuring precision
of stem diameter, and the determination coeﬃcients, respectively, in the ﬁrst case are above. However,
the proportion of the residual variability is quite high: in the ﬁrst case, at the expense of ignoring the
age of a tree, and in the second case, by ignoring the crown length. In both the cases, the proportion of
the residual variability is high in relation to the total variability. As a result, diﬀerences of equations (1)
and (2) on the value of explained variability (R2) are statistically not signiﬁcant. A similar explanation
applies to the explained variability of root biomass, but in this case, the uncertainty in the diﬀerence
R2 of equations (1) and (2) is compounded by diﬀerent share of the posted roots in their total biomass,
which varies with diﬀerent measurement methods.
Height and diameter of the stem are stereometrically almost functionally determining its volume
(and therefore biomass), so the proportion of the residual variance for stem biomass in equation (2)
is minimal compared with the residual variance of equation (1). Accordingly, the explanatory ability
to stem biomass by two regressors—height and diameter—is at the statistically signiﬁcant level much
higher than explanatory ability of the combination of tree height and crown width. Because the stem
biomass is a predominant share in aboveground one, the statistical signiﬁcance of the diﬀerence of
equations (1) and (2) for aboveground biomass as accounted by R2 gets an explanation by analogy
with the biomass of only stem.
4 CONCLUSIONS
First, for the forests of Eurasia, the database on single tree biomass in a number of about 7.3 thou-
sand measurements is compiled. Only the one-third part of the database has measurements of crown
diameter. It is used for comparative analysis of explanatory ability of allometric models intended for
estimating tree biomass structure by remote sensing methods using the two most informative morpho-
metric indices of trees - tree height and crown diameter, and traditional allometric models intended for
terrestrial inventory of biomass using morphometric indices such as tree height and stem diameter at
breast height.
Thus, for the ﬁrst time a system of allometric models for remote sensing of tree and shrubs biomass
structure in the forests of Eurasia is developed. It is found that the explanatory capacity of equations
(1) in comparison with (2) for foliage, branches and roots is lower, but this diﬀerence is not statistically
signiﬁcant. The same capacity for the stem and aboveground biomass is lower too but this diﬀerence
is statistically signiﬁcant. Models (1) and (2) are designed for two diﬀerent methods of taxation and
cannot replace one another.
However, this lower explanatory ability of the ﬁrst model oﬀsets with above mentioned advantage
of laser measurements, the rate of that is much more quickly and not comparable with the traditional
terrestrial processing. This makes it possible to assess quickly and relatively accurately the changing
carbon pool of forest ecosystems of a given territory during its periodic overﬂights.
The proposed information can be useful when implementing activities on climate stabilization, as
well as in the validation of the results of the simulations on the carbon-depositing capacity of forests.
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